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BACKGROUND AND PURPOSE
In this study, we examined the possibility that 4-hydroxynonenal (4-HNE) acting as a ligand for the HCA2 receptor (GPR109A)
elicits both anti-inflammatory and cell death responses.

EXPERIMENTAL APPROACH
Agonistic activity of 4-HNE was determined by observing the inhibition of cAMP generation in CHO-K1-GPR109A-Gi cell line,
using surface plasmon resonance (SPR) binding and competition binding assays with [3H]-niacin. 4-HNE-mediated signalling
pathways and cellular responses were investigated in cells expressing GPR109A and those not expressing these receptors.

KEY RESULTS
Agonistic activity of 4-HNE was stronger than that of niacin or 3-OHBA at inhibiting forskolin-induced cAMP production and SPR
binding affinity. In ARPE-19 and CCD-841 cells, activation of GPR109A by high concentrations of the agonists 4-HNE (≥10 μM),
niacin (≥1000 μM) and 3-OHBA (≥1000 μM) induced apoptosis accompanied by elevated Ca2+ and superoxide levels. This 4-HNE-
induced cell death was blocked by knockdown of GPR109A or NOX4 genes, or treatment with chemical inhibitors of Gβγ (gallein),
intracellular Ca2+ (BAPTA-AM), NOX4 (VAS2870) and JNK (SP600125), but not by the cAMP analogue 8-CPT-cAMP. By contrast,
low concentrations of 4-HNE, niacin and 3-OHBA down-regulated the expression of pro-inflammatory cytokines IL-6 and IL-8.
These 4-HNE-induced inhibitory effects were blocked by a cAMP analogue but not by inhibitors of Gβγ-downstream signalling
molecules.

CONCLUSIONS AND IMPLICATIONS
These results revealed that 4-HNE is a strong agonist for GPR109A that induces Gαi-dependent anti-inflammatory and Gβγ-de-
pendent cell death responses. Moreover, the findings indicate that specific intracellular signalling molecules, but not GPR109A,
can serve as therapeutic targets to block 4-HNE-induced cell death.

Abbreviations
3-OHBA, β-D-hydroxybutyric acid; 4-HNE, 4-hydroxynonenal; 6-CFDA, 6-carboxyfluroscein diacetate; 8-CPT-cAMP, 8-(4-
chlorophenylthio)adenosine-cAMP; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-(3-diphenyl)tetrazolium bromide; PTx, pertus-
sis toxin; RPE, retinal pigment epithelium
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Introduction
The hydroxycarboxylic acidHCA2 receptor (GPR109A) was
first discovered as an orphan GPCR that is primarily
expressed in adipocytes and immune cells and was later iden-
tified as the niacin (nicotinic acid) receptor (Soga et al.,
2003; Tunaru et al., 2003; Wise et al., 2003). Previous studies
on GPR109A investigated the mechanisms by which high
doses of niacin can cause side effects such as flushing. Since
then, functional GPR109A have been identified in various
types of cells in the spleen, colon and retinal pigment epithe-
lium (RPE) (Wise et al., 2003; Martin et al., 2009; Thangaraju
et al., 2009). Individuals who do not take niacin for the
treatment of hyperlipidaemia have low levels of circulating
niacin, which are not sufficient to activate GPR109A.
3-Hydroxybutyric acid (3-OHBA, β-D-hydroxybutyric
acid), the first ketone produced in the fasting state, has been
identified as the endogenous ligand for GPR109A and is
known to activate the receptor at relatively high concentra-
tions (Taggart et al., 2005).

Niacin-induced GPR109A activation has been demon-
strated to elicit anti-inflammatory effects by down-regulating
the expression of inflammatory cytokines and chemokines in
epithelial cells (Digby et al., 2012; Gambhir et al., 2012). Stud-
ies using gene knockdown of GPR109A in the RPE, which is a
monolayer of postmitotic cells underlying the photorecep-
tors in the retina, confirmed the anti-inflammatory action
of GPR109A and suggested that it is a promising target for
the treatment of inflammation in diabetic retinopathy
(Gambhir et al., 2012; Zimmerman et al., 2012). In contrast
to its protective effects, activation of GPR109A has also been
observed to induce apoptosis in neutrophils (Kostylina
et al., 2008), while patients administered a high dose of nia-
cin developed maculopathy (Gass, 1973; Millay et al., 1988;
Domanico et al., 2015). These reports indicate that GPR109A
activation by different concentrations of niacin may exert
dual effects, namely, induce apoptosis and anti-inflammatory
responses. An anti-inflammatory role of the GPR109AviaGβγ/
PKC-dependent ERK1/2 activation is shown in macrophages
(Shi et al., 2017). However, in RPE, although an anti-
inflammatory role of GPR109A is mediated via suppression
of NF-κB activity, it is not clear such activity is mediated
through the Gα or Gβγ pathway (Gambhir et al., 2012). In ad-
dition, the molecular mechanisms of how GPR109A exerts
dual responses (anti-inflammatory and cell death) in RPE
have not been investigated in detail, or which response is me-
diated through which component of the receptor, Gαi or Gβγ

signalling.
4-Hydroxynonenal (4-HNE) can be produced endoge-

nously via membrane lipid peroxidation (Poli et al., 2008) or
exogenously via the peroxidation of plasma low-density lipo-
proteins (Stadtmanl, 1994) and dietary polyunsaturated
lipids (Pierre et al., 2006). 4-HNE is produced in the RPE ow-
ing to its strong metabolic activity during high oxygen con-
sumption and high levels of polyunsaturated fatty acids
during the phagocytosis of photoreceptor outer segments,
which is required to facilitate the proper turnover of the pho-
toreceptors (Bok, 1993; Vingerling et al., 1996; Ethen et al.,
2007). High 4-HNE levels lead to the apoptotic degeneration
of RPE, which is one of the molecular basis for age-related
macular degeneration, and eventually results in the

formation of adducts with photoreceptor outer segment pro-
teins, causing an accumulation of non-degradable proteins
(Krohne et al., 2010; Sparrow and Boulton, 2005). In addi-
tion, 4-HNE is associated with various disease conditions,
such as chronic inflammation, cardiac ischaemia, atherogen-
esis, neurodegenerative diseases and cancer (Dalleau et al.,
2013; Csala et al., 2015). Importantly, 4-HNE produces differ-
ent cellular responses depending on its concentration. 4-HNE
appears to be beneficial to cells at low concentrations (around
0.1–5.0 μM) by inducing cell proliferation and differentia-
tion, as well as the activation of antioxidant defence
mechanisms. By contrast, at high concentrations (around
10–20 μM), 4-HNE triggers apoptosis via both the intrinsic
and extrinsic pathways. Similarly to other inducers of intrin-
sic apoptosis, 4-HNE disrupts mitochondrial ATPase activity
(Ji et al., 2001; Siddiqui et al., 2012). Extrinsic apoptosis in-
duced by 4-HNE is reported to be mediated through the in-
duction of Fas signalling (Li et al., 2006; Salomoni and
Khelifi, 2006; Sharma et al., 2008), possibly due to the forma-
tion of 4-HNE adducts with cell surface Fas receptors, which
mimics ligand–cell surface receptor binding (Negre-Salvayre
et al., 2003; Sharma et al., 2008). Considering that 4-HNE is
produced at relatively high levels in the RPE, where a wide
range of niacin concentrations can activate GPR109A to trig-
ger opposite responses, the dual action of 4-HNE suggests the
possible involvement of GPR109A ; however, this possibility
has not been studied.

In the present study, we demonstrated that GPR109A me-
diates the two different responses induced by 4-HNE by com-
paring the effects of 4-HNE with those of niacin and 3-OHBA.
In addition, we investigated whether specific signalling
pathways and signalling molecules downstream of GPR109A
are responsible for eliciting anti-inflammatory or apoptotic
responses depending on the concentration of its agonist.

Methods

Cell culture
The human retinal pigmented epithelial cell line ARPE-19
and the normal colon epithelial cell line CCD-841 were
obtained from American Type Culture Collection (ATCC,
Manassas, VA, USA). The HEK cell line HEK-293 and CHO cell
line CHO-K1 were obtained from the Korean cell line bank
(Seoul, Korea). ARPE-19 cells were maintained in
DMEM/Ham’s nutrient mixture F-12 supplemented with
10% FBS and 1% penicillin/streptomycin (P/S). CCD-841
and HEK-293 cells were cultured in minimal essential me-
dium, whereas CHO-K1 cells were grown in RPMI 1640 me-
dium. All media were supplemented with 10% FBS and 1%
P/S. The cAMP Hunter™ CHO-K1-GPR109A-Gi cell line was
purchased from DiscoverX (Cat. No. 95-0122C2; San Diego,
CA, USA). Cells were maintained in AssayComplete™ CHO-
K1 medium supplemented with AssayComplete™ serum and
antibiotics mix (P/S/glutamine and Geneticin®), which were
procured from DiscoverX. Cells were cultured according to
the manufacturer’s protocol and incubated at 37°C in a 5%
CO2 humidified incubator. The culture medium was changed
every other day. After they had reached confluence, cells were
subcultured after trypsinization with 0.25% trypsin/EDTA
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solution (ARPE-19 and CCD-841 cells) or AssayComplete™

cell detachment reagent (CHO-K1-GPR109A-Gi cells) by split-
ting at a ratio of 1:3.

Western blotting
For the preparation of whole-cell lysates, radioimmunopreci-
pitation assay buffer (150 mM sodium chloride, 1% Triton™

X-100, 0.5% sodium deoxycholate, 0.1% SDS and 50 mM
Tris, adjusted to pH 8.0) was added along with 1× protease
and phosphatase inhibitor cocktail (Thermo Fisher Scientific,
Waltham, MA, USA) in cell pellets. Cytoplasmic and nuclear
proteins were extracted using an NE-PER® nuclear and
cytoplasmic extraction reagent kit (Thermo Fisher Scientific).
After lysis, proteins were quantified using a BCA protein assay
kit (Thermo Fisher Scientific). Equal amounts of proteins
were loaded and separated on SDS polyacrylamide gels and
transferred onto nitrocellulose membranes. Afterwards, the
membranes were blocked for 1 h using 5% (w.v-1) BSA
diluted in Tris-buffered saline containing 0.1% Tween® 20
(TBST). Then, membranes were incubated overnight with
the specific primary antibody at 1:1000 dilution. After being
washed three times with 1× TBST, membranes were incu-
bated at room temperature for 1 h with a specific
secondary antibody conjugated with HRP at 1:5000
dilution. After being washed three times with 1× TBST,
membranes were treated with enhanced chemilumines-
cence reagents (Thermo Fisher Scientific) and subsequently
visualized using a luminescence image analyzer (LAS-4000
Mini; Fujifilm, Tokyo, Japan).

Cell viability assay
Cell viability was measured by the colorimetric 3-(4,5-di-
methylthiazol-2-yl)-2,5-(3-diphenyl)tetrazolium bromide
(MTT) staining method. Cells were seeded in 96-well plates
at a density of 2 × 104 cells per well. After 24 h, cells were in-
cubated with the indicated reagent for the indicated duration
at the indicated concentrations. Then, 10 μL of MTT (5 gMTT
L�1 in H2O) was added to each well, and the cells were incu-
bated for 4 h at 37°C in a 5% CO2 humidified incubator. Fi-
nally, 200 μL of DMSO was added to each well and mixed to
dissolve the reduced MTT crystals. Relative cell viability was
determined by measuring the absorbance using a 540 nm fil-
ter (Molecular Devices, Sunnyvale, CA, USA).

Nuclear staining with Hoechst 33258 and
6-carboxyfluroscein diacetate
Apoptotic cells were stained with DNA-specific fluorescence
probe Hoechst 33258. Cells were seeded at 5 × 104 cells per
well in six-well plates and treated with 4-HNE for the indi-
cated time periods. Next, cells were stained with Hoechst
33258 and 6-carboxyfluroscein diacetate (6-CFDA) for
20 min and subsequently washed with 1× PBS. Stained cells
were visualized under a fluorescence microscope (IX73;
Olympus, Tokyo, Japan).

Measurement of apoptosis
Cell apoptosis was detected using a FITC-annexin V apoptosis
detection kit I (BD Biosciences, San Jose, CA, USA) following
the manufacturer’s protocol. Briefly, ARPE-19 cells were
treated with 4-HNE for the indicated times and

concentrations. Then, the cells were trypsinized, pelleted by
centrifugation and washed twice with cold PBS. Cells were
suspended in 1× binding buffer at a density of 1 × 106 cells
mL�1. The cell suspension (100 μL) was transferred to a cul-
ture tube, followed by staining with 5 μL of FITC annexin V
and 5 μL of propidium iodide (PI). Cells were further incu-
bated for 15 min at room temperature (25°C) in the dark.
Then, 400 μL of 1× binding buffer was further added before
the analysis of each sample by flow cytometry on a BD
FACSVerse® flow cytometer (BD Biosciences).

Caspase 3/7 activity
A Caspase-Glo® 3/7 assay kit (Promega, Madison, WI, USA)
was used to determine caspase 3/7 activity according to
the manufacturer’s instructions. Briefly, ARPE-19 cells were
seeded in a 96-well plate at a seeding density of 2 × 104 cells
per well. After overnight incubation, cells were treated with
the indicated concentrations of 4-HNE for the indicated time
periods. Caspase 3/7 reagent was added to each well and incu-
bated for 30 min. Finally, luminescence from the cleaved
luminogenic substrate Ac-DEVD-pNA was measured on a
FLUOstar® Optima microplate reader (BMG Labtech,
Offenburg, Germany).

siRNA transfection
ARPE-19 and CCD-841 cells were seeded in 60 mm dishes at a
density of 3.3 × 104 cells cm�2. After overnight incubation,
transfection was performed using DharmaFECT™ 4 transfec-
tion reagent with 100 nM of GPR109A, NOX4 or non-
targeting (NT) siRNA (Bioneer, Daejeon, Korea), following
the manufacturer’s instructions. After transfection, cells were
subjected to cell viability assay, cAMP assay, ROS measure-
ment, caspase activity and Western blot analysis. The trans-
fection efficiencies of the respective siRNAs were assessed
via Western blotting. Sequences of the siRNA oligos for the
target genes were as follows: human GPR109A seq. 1
(GPR109A-1): sense-50-GGACAACUAUGUGAGGCGU-30 and
antisense-50-ACGCCUCACAUAGUUGUCC-30; GPR109A
seq. 2 (GPR109A-2): sense-50-CAGAUUCAGAGAAUGCGAU-
30 and antisense-50-AUCGCAUUCUCUGAAUCUG-30; human
GPR109B (HCA3 receptor) seq. 1 (GPR109B-1): sense-50-
CUCACAUGCUUUGGUUAGU-30 and antisense-50-ACUAAC
CAAAGCAUGUGAG-30; GPR109B seq. 2 (GPR109B-2):
sense-50-CUACUAUGUGCGGCGUUCA-30 and antisense-50-
UGAACGCCGCACAUAGUAG-30; and human NOX4: sense-
50-CAGAGUUUACCCAGCACAA-30 and antisense-50-UUGU
GCUGGGUAAACUCUG-3.

cAMP measurement
ARPE-19 cells (1 × 105 cells cm�2 in 24-well plates) were
stimulated with the indicated concentrations of 4-HNE with
or without forskolin for the indicated time periods after
transient transfection of the cells with GPR109A or NT
siRNA. Dishes were kept on ice and washed with ice-cold
PBS to terminate the reaction. A cAMP kit (R&D Systems,
Minneapolis, MN, USA) was used to measure intracellular
cAMP concentrations according to the manufacturer’s
instructions.
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Intracellular Ca2+ measurement
Intracellular Ca2+ levels were monitored using a calcium-
sensitive fluorescence indicator, Fura-2/AM (the membrane-
permeable acetoxymethyl ester of Fura-2). Cells were seeded
on black 96-well plates at a density of 2 × 104 cells per well. Af-
ter overnight incubation, cells were washed with warm PBS,
and 3 μM Fura-2/AM was added. Cells were then incubated
for 50 min at 37°C. Afterwards, unloaded Fura-2/AM was re-
moved from cells, followed by washing with Locke’s solution.
To prevent the leakage of Fura-2/AM, 250 μM sulfinpyrazone
was added to each well and further incubated for 30 min at
37°C. Next, the cells were pretreated with the drugs in
serum-free media with or without 4-HNE. Fura-2 fluorescence
was measured at the excitation wavelengths of 340 and
380 nm and the emission wavelength of 510 nm using a
FLUOstar Optimamicroplate reader (BMG Labtech). Changes
in the 340/380 nm absorbance ratios reflect the changes in
Ca2+ ion concentrations.

Lucigenin chemiluminescence assay
A lucigenin chemiluminescence assay was performed follow-
ing a previously published method (Banskota et al., 2017).
Briefly, cells were seeded in white 96-well plates at a density
of 5 × 104 cells per well and treated with 4-HNE, niacin or 3-
OHBA in assay buffer (pH 7.4) containing 130 mM NaCl,
5 mM KCl, 1 mM MgCl2, 1.5 mM CaCl2, 35 mM phosphoric
acid and 20 mM HEPES in the absence or presence of SOD
for an indicated time period. Chemiluminescence was mea-
sured after the addition of 400 μM lucigenin at 37°C using a
FLUOstar Optima microplate reader (BMG Labtech). Chemi-
luminescence produced by lucigenin alone was subtracted
from the chemiluminescence values obtained from the
treated group.

mRNA copy number determination
Transcript numbers for NOX1, NOX2 and NOX4 were deter-
mined based on previously described methods (Banskota
et al., 2015). Briefly, human NOX1, NOX2 and NOX4 cDNAs
(Invitrogen, Carlsbad, CA, USA) were cloned into the
pcDNA5/FRT/TO vector (Invitrogen). The number of tran-
scripts was calculated using the following equation:

DNA copiesð Þ ¼ 6:02�1023 copies·mol�1
� �h

�DNA concentration gð Þ�.
DNA length bpð Þ�660 g·mol�1·bp�1

� �h i
:

Standard curves for NOX1, NOX2 and NOX4 were gener-
ated using serially diluted plasmids (copy numbers from 101

to 105). After treating the cells with or without 4-HNE for
3 h, cDNA was isolated from total RNA using TRIzol reagent
(Invitrogen) and subsequently subjected to PCR using a
QuantiTect® SYBR® Green PCR kit (Qiagen, Hilden,
Germany) with primer sequences specific to NOX1, NOX2
and NOX4. The following primer sequences were used:
NOX1 (sense 50-GTTTTACCGCTCCCAGCAGA-30 and anti-
sense 50-GGATGCCATTCCAGGAGAGA-30); NOX2 (sense 50-
CCTAAGATAGCGGTTGATGG-30 and antisense 50-GACTTG
AGAATGGATGCGAA-30); and NOX4 (sense 50-CAGAAGGTT

CCA AGCAGG AG-30 and antisense 50-GTTGAGGGCATTCA
CCAG AT-30).

Measurement of IL-6 and IL-8 levels
ARPE-19 and CCD-841 cells were seeded and treated with
4-HNE at the indicated concentrations for the indicated time
periods. Following treatment, cell culture supernatants were
collected and centrifuged to remove particulates. Superna-
tants were analysed for the determination of IL-6 or IL-8
(CXCL8) levels using specific ELISA kits (R&D Systems).

GPR109A receptor functional assay using
CHO-K1-GPR109A-Gi cell line
To determine the activities of 4-HNE, niacin and 3-OHBA
binding towards the GPR109A receptor, we used a
HitHunter® cAMP Assay detection kit for small molecules
(Cat. No. 90-0075SM2; DiscoverX). The experiment was per-
formed according to the manufacturer’s protocol. Briefly,
cAMP Hunter CHO-K1-GPR109A-Gi cells were seeded at a
density of 30 000 cells per well in 96-well plates. After 24 h
of seeding, serial dilutions of the agonists (4-HNE, niacin or
3-OHBA) were prepared in 1× PBS containing forskolin
(15 μM). Serial dilutions of the agonist were added to the re-
spective wells of the assay plate and incubated for 30 min at
37°C in a 5% CO2 humidified incubator. Following incuba-
tion with the agonist, cAMP antibody reagent and cAMP
working detection solutions were added and incubated for
1 h at room temperature under dark conditions for the
immunocompetition reaction. Then, cAMP solution A was
added to the assay plate. After 3 h of incubation at room tem-
perature, luminescence signals were detected on a FLUOstar
Optima microplate reader (BMG Labtech).

Surface plasmon resonance binding assay
Surface plasmon resonance (SPR) binding assay was per-
formed using ProteOn XPR36 instrument (Bio-Rad Labora-
tory, Hercules, CA, USA) in Gyeonggi Biocenter (Suwon,
Korea). The GLH biosensor chip was selected for the experi-
ment. Purified GPR109A (OriGene, Rockville, MD, USA) was
directly immobilized onto the biosensor chip surface through
amine coupling. After ligand immobilization, solution of
analyte (4-HNE or niacin) at an indicated concentration
was injected at a speed of 100 μL·min�1 and allowed to flow
over the immobilized GPR109A surface. PBS solution con-
taining 0.05% TBST (pH 7.4) was used as running and
analyte-binding buffer. The binding response of analyte
was recorded as response units. Binding kinetics and data
analysis were performed using BioRad ProteOn manager
software. The KD (equilibrium KD) value was calculated by
using the formula:

KD ¼ kd dissociation rate constant½ �=
ka association rate constant½ �:

[3H]-niacin binding assay
Membranes of HEK-293T cells stably expressing human
GPR109A were used to perform [3H]-niacin ([3H]-nicotinic
acid) equilibrium displacement assay. At first, the mem-
branes were incubated with 15 nM of [3H]-niacin (specific ac-
tivity: 50 Ci·mmol�1), (Biotrend, Cologne, Germany) for 1 h
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at 25°C. Then, niacin or 4-HNE at different concentrations in
assay buffer (50 mM Tris HCL and 1 mM MgCl2, pH 7.4 at
25°C) was added using a HP D300 digital dispenser (Tecan
Group Ltd, Männedorf, Switzerland). Non-specific binding
was determined with 10 μM unlabelled niacin. Finally, the re-
action was terminated by rapid vacuum filtration, which sep-
arates free and bounded radioligand through 96-well GF/B
filter plates using a PerkinElmer Filtermate-harvester
(PerkinElmer, Groningen, The Netherlands). Then the radio-
activity retained in the filter was measured by P-E 1450
Microbeta Wallac Trilux scintillation counter (PerkinElmer).

Mutant GPR109A cloning and mutagenesis
The genes encoding human GNA15 (GenBank accession num-
ber AAA35860.1) and human GPR109A (GenBank accession
number AAN71621.1) were artificially synthesized (Bionics,
Seoul, Korea). HumanGNA15 gene digested byHindIII/XhoI re-
striction enzymes (Thermo Fisher Scientific) was inserted into
pcDNA4/TO vector (Invitrogen) for the expression of wild-type
GNA15 protein. GPR109A gene was digested by NotI/XbaI and
was then inserted into pcDNA4/TO-FLAGvector for the expres-
sion of GPR109A having an N-terminal FLAG epitope. Point
mutations were introduced into GPR109A by site-directed mu-
tagenesismethod. The pcDNA4/TO-GPR109A plasmidwas am-
plified using two primers containing a point mutation. After
elimination of the template plasmid with DpnI, the PCR prod-
uct was transformed into Escherichia coliNEB-turbo competent
cell [New England Biolabs (NEB), Ipswich, MA, USA]. Point
mutations (R111A, R253A, W256A, F277A and L280A in
GPR109A) were confirmed by DNA sequencing. All the
transfection-grade plasmids were prepared using NucleoBond-
Xtra Midi kit (Macherey-Nagel, Duren, Germany).

Overexpression of GPR109A mutant receptors
in CHO-K1 cells
CHO-K1 cells seeded in six-well plates (2 × 104 cells cm�2)
were co-transfected with pcDNA4-hGNA15 and N-terminally
FLAG-tagged WT or mutant GPR109A receptors (R111A,
R253A, W256A, F277A or L280A) using Lipofectamine 2000
(Invitrogen) as transfection reagent. After 24 h of transfec-
tion, CHO-K1 cells were either subjected to FLAG staining
or trypsinized and seeded to perform MTT or HitHunter
cAMP assay.

Determination of mutant receptor expression in
CHO-K1 cells
After 24 h of transfection with the indicated N-terminally
FLAG-tagged GPR109A mutant receptors, CHO-K1 cells were
washed once with cold PBS and fixed with 4% formaldehyde
solution in PBS at room temperature for 20 min. Then the
cells were washed again with PBS and blocked for 40 min in
4% BSA in PBS at room temperature followed by the incuba-
tion with the FLAG antibody (Sigma-Aldrich) (at 1:200 dilu-
tion in PBS) for 3 h at room temperature. After incubation,
cells were washed three times with PBS and were labelled with
anti-mouse secondary antibody (Alexa Fluor® 647) (Abcam)
for 1 h. Then, the cells were washed once with PBS, and
stained cells were visualized with a fluorescence microscope
(IX73; Olympus).

Statistical analysis
Data were obtained from more than five independent experi-
ments and expressed as mean ± SEM. Values were statistically
evaluated by Student’s t-test or one-way ANOVA, followed by
the Newman–Keuls comparison method, using Prism 5.0
software (GraphPad, San Diego, CA, USA). P values of less
than 0.05 were considered statistically significant. The data
and statistical analysis comply with the recommendations
on experimental design and analysis in pharmacology (Curtis
et al., 2015).

Materials
All reagents were procured from Sigma-Aldrich (St. Louis,
MO, USA) unless otherwise specified. Reagents used for the
cell culture of all cells used in the experiments were
obtained from HyClone Laboratories (Logan, UT, USA).
4-HNE was purchased from Cayman Chemical Co. (CAS
No. 75899-68-2; Ann Arbor, MI, USA). FBS, antimycin A,
penicillin/streptomycin (P/S) and TRIzol® were purchased
from Life Technologies (Carlsbad, CA, USA). DharmaFECT™

4 was purchased from Dharmacon (Lafayette, CO, USA).
Gallein and SR11302 were purchased from Tocris Bioscience
(Bristol, UK). c-Fos antibody was procured from Santa Cruz
Biotechnology (Dallas, TX, USA). Monoclonal antibody
against human GPR109A was obtained from Novus Biologi-
cal (Cat. No. NBP2-12358AF488; Littleton, CO, USA). Anti-
IL-6 and anti-IL-8 antibodies were obtained from Abbiotec
(San Diego, CA, USA). Antibodies against Bcl-2, Bax,
phospho-p38 MAPK, p38 MAPK, phospho-JNK, JNK, c-Jun,
ERK and NF-κB were purchased from Cell Signaling Technol-
ogy, Inc. (Boston, MA, USA). NOX4 (Cat. No. ab109225),
lamin B and β-actin antibodies were purchased from Abcam
(Cambridge, UK).

Nomenclature of targets and ligands
Key protein targets and ligands in this article are
hyperlinked to corresponding entries in http://www.
guidetopharmacology.org, the common portal for data from
the IUPHAR/BPS Guide to PHARMACOLOGY (Harding
et al., 2017), and are permanently archived in the Concise
Guide to PHARMACOLOGY 2017/18 (Alexander et al.,
2017a,b,c).

Results

GPR109A activation by 4-HNE, niacin or
3-OHBA induces apoptosis in ARPE-19 and
CCD-841 cells
To investigate whether GPR109A activation induces bipolar
responses, we first examined the dose-dependent cytotoxic
responses to GPR109A activation by its known agonists (nia-
cin and 3-OHBA) in cells that exhibit strong (ARPE-19), mod-
erate (CCD-841) and nearly undetectable (HEK-293)
GPR109A expression (Figure 1A). The viability of ARPE-19
cells exhibited differential dose- and time-dependent re-
sponses to niacin (Figure 1B). ARPE-19 cells did not show
changes in viability upon treatment with low niacin concen-
trations (up to 100 μM) but showed significant decreases in
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viability at niacin concentrations higher than 300 μM.
3-OHBA induced stronger decreases in cell viability than nia-
cin (Figure 1B). The inhibitory effects of niacin and 3-OHBA
on cell viability were also observed in CCD-841 cells
(Figure 1C). 4-HNE induced a stronger inhibitory effect than
niacin or 3-OHBA, and its effective cytotoxic concentration
was 100 times lower than that of niacin and 3-OHBA in both
ARPE-19 (Figure 1D) and CCD-841 (Figure 1E) cells. In con-
trast to the cytotoxic effects of 4-HNE in ARPE-19 and
CCD841 cells, 4-HNE did not induce any cytotoxic effect in
HEK-293 cells that do not express GPR109A (Figure 1F). In
contrast, 4-HNE was cytotoxic in HEK-293-GPR109A cells
overexpressing human GPR109A (Figure 1F), indicating the
important role of GPR109A in 4-HNE-induced cell death. A
similar response was observed in CHO-K1 parental and
GPR109A-overexpressing cells (Figure 1F). The observed de-
crease in cell viability upon 4-HNE treatment in ARPE-19 cells
was consistent with the observed apoptosis in the cells, which
was determined based on the increased uptake of Hoechst
33258 (a DNA-binding fluorescent probe) and a reduction
in 6-CFDA accumulation in viable cells (Figure 1G). Cell

apoptosis was also determined by an increase in the
annexin V/PI double-positive cell fraction (Figure 1H and
Supporting Information Figure S1A, B) and an increase in
caspase-3/7 activity (Figure 1I). We also examined whether
the differentiation status of ARPE-19 cells, such as confluent
(differentiated) or subconfluent (less differentiated),
influences GPR109A expression and cytotoxic response to
4-HNE. Cytotoxic response to 4-HNE (Supporting
Information Figure S2A) or 3-OHBA (Supporting
Information Figure S2B) in confluent ARPE-19 cells was
slightly lower than that in subconfluent cells (Figure 1B,
D). Similarly, mRNA (Supporting Information Figure S2C)
and protein (Supporting Information Figure S2D) expres-
sion levels of GPR109A were slightly lower than that in
subconfluent ARPE-19 cells.

Next, we examined whether 4-HNE-induced cell death
was mediated via GPR109A. The 4-HNE-induced decrease in
cell viability was abolished upon siRNA-mediated GPR109A
knockdown in ARPE-19 (Figure 2A, B) and CCD-841
(Figure 2C, D) cells, whereas the 4-HNE-induced cytotoxicity
was unchanged upon knockdown of GPR109B, a receptor

Figure 1
GPR109A activation by 4-HNE, niacin and 3-OHBA induces apoptotic death in ARPE-19 and CCD-841 cells. (A) GPR109A and NOX4 expression
levels were analysed by immunoblotting. Bar graphs represent averaged quantitations of immunoblots from six independent experiments.
(B–F) Cell viability was measured via MTT assay. (G) ARPE-19 cells were stained with Hoechst 33258, a water-soluble DNA-binding compound,
and 6-carboxyfluroscein diacetate, a secondary dye that accumulates in viable cells. (H) Annexin V-positive and PI-positive ARPE-19 cell popula-
tions were determined via flow cytometry. (I) Caspase-3/7 activity was measured in 4-HNE-treated ARPE-19 cells using a Caspase-Glo® 3/7 assay
kit. *P < 0.05 versus vehicle-treated controls.
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that shares about 90% homology with GPR109A (Figure 2E,
F). The specificity of siRNAs for GPR109A and GPR109B was
confirmed by detecting mRNA levels of both genes after
transfection via qRT-PCR using specific probe PCR primers
(Supporting Information Figure S3A). Two different se-
quences of siRNAs were used for targeting each receptor, and
both sequences exerted the same effects. In all the subsequent
experiments, we used the GPR109A-1 siRNA sequence.
Similar to the effects observed in 4-HNE-treated cells,
GPR109A knockdown suppressed the niacin- and 3-OHBA-
induced decrease in viability in both ARPE-19 (Supporting
Information Figure S3B) and CCD-841 (Supporting
Information Figure S3C) cells.

4-HNE-induced ARPE-19 cell death is
mediated through Gβγ activation but not
through the Gαi signalling pathway
We further examined the role of 4-HNE in GPR109A activa-
tion by investigating the signalling pathways responsible for
cell death in ARPE-19 cells. As shown in Figures 3A and 4,
HNE-induced cell death was blocked by pretreatment with
pertussis toxin (PTx), which is an inhibitor of Gi, but not
by cholera toxin, which is a Gs activator. In addition, the
4-HNE-induced suppression of cAMP production by forskolin
was reversed by GPR109A knockdown (Figure 3B).
However, treatment with 8-(4-chlorophenylthio)adenosine-
cAMP (8-CPT-cAMP, a cAMP analogue) did not block 4-HNE-
induced cell death (Figure 3C), whereas treatment with gallein
(Gβγ inhibitor), BAPTA-AM (intracellular Ca2+ chelator),
U73122 (PLC inhibitor) and GF109203X (PKC inhibitor)
blocked 4-HNE-induced cell death (Figure 3D). As indicated
by the observed inhibitory effect of BAPTA-AM on 4-HNE-

induced cell death, 4-HNE induced a significant increase in
intracellular Ca2+ levels at aminimum concentration of 10 μM
(Figure 3E). Similarly, at concentrations above 300 μM, niacin
and 3-OHBA both induced dose-dependent increases in in-
tracellular Ca2+ levels (Supporting Information Figure S4).
The observed 4-HNE-induced elevation in Ca2+ levels was
inhibited by transfection with a siRNA targeting GPR109A
(Figure 3F) and pretreatment with gallein (Figure 3G) or
U73122 (Figure 3H).

Consistent with a previous report, 4-HNE produced SOD-
quenchable superoxide anion (Dianzani et al., 1996) in a
concentration-dependent manner at a minimum concentra-
tion of 10 μM in ARPE-19 cells (Figure 4A). Similar to differ-
ences in cytotoxic effects on confluent and subconfluent
ARPE-19 cells, 4-HNE-induced superoxide production in con-
fluent cells (Supporting Information Figure S2E) was in-
creased to threefold, which was smaller than the fourfold
increase in subconfluent cells (Figure 4A). 4-HNE-induced
superoxide anion production was significantly blocked by
GPR109A knockdown (Figure 4B) and BAPTA-AM treatment
(Figure 4C) but not by GPR109B knockdown (Figure 4B),
indicating that the GPR109A-Gβγ-dependent intracellular
Ca2+ signalling pathway is linked to 4-HNE-induced ROS pro-
duction. Similarly, gallein, U73122 and GF109203X blocked
the 4-HNE-induced increase in ROS generation, whereas
8-CPT-cAMP had no effect (Figure 4C). Furthermore, we
found that 4-HNE-induced superoxide anion production
was almost completely blocked by treatment with
diphenyleneiodonium chloride (inhibitor of flavin-
containing oxidases, such as NADPH oxidase), apocynin
(superoxide scavenging antioxidant), VAS2870 (NOX2/4
inhibitor) or a combined treatment with VAS2870 and
antimycin A (mitochondrial electron transport inhibitor),

Figure 2
4-HNE is an agonist for GPR109A. (A, C and E) Transfection efficiency of two different sequences of the indicated siRNAs measured by use of
Western blots. (B, D and F) ARPE-19 cell viability in the absence or presence of 4-HNE (10 or 30 μM) for 24 h was measured in cells transfected
with two different siRNAs targeting GPR109A or GPR109B. *P < 0.05 versus non-targeting siRNA-transfected controls. #P < 0.05 versus cells
treated with 10 or 30 μM 4-HNE.
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while antimycin A alone partially suppressed the increase in
superoxide anion levels (Figure 4D). However, inhibitors of
other enzymes, such as COX (celecoxib), NOS
(aminoquinidine) and xanthine oxidase (allopurinol), had
no effect. The expression of NOX4, the NADPH oxidase iso-
form predominantly expressed in ARPE-19 cells (Figure 4E),
was up-regulated by 4-HNE treatment in a time-dependent
manner (Figure 4F). In addition, NOX4 knockdown
completely suppressed 4-HNE-induced superoxide genera-
tion (Figure 4B) and caspase-3/7 activity (Figure 4G). Similar
to the effects of inhibitors on superoxide anion inhibi-
tion, 4-HNE-induced cell death was more effectively sup-
pressed by a combined treatment with VAS2870 and
antimycin A than with either VAS2870 or antimycin A
alone (Figure 4H).

JNK-induced activation of AP-1, but not NF-κB,
is responsible for 4-HNE-induced cell death
In 4-HNE-treated ARPE-19 cells, p38-MAPK and JNKwere acti-
vated, while ERK1/2 was not (Figure 5A), and only treatment
with a JNK inhibitor (SP600125) blocked 4-HNE-induced cell
death (Figure 5B). JNK activation was blocked by treatment
with U73122, BAPTA-AM, diphenyleneiodonium
chloride and apocynin (Figure 5C). While exploring the
downstream signalling molecules that are activated follow-
ing JNK activation, we found that the nuclear levels of
c-Fos and c-Jun, which comprise AP-1, were both increased
upon treatment with 10 μM 4-HNE but not with 1 μM
4-HNE in both ARPE-19 and CCD-841 cells (Figure 5D). By
contrast, 4-HNE treatment inhibited NF-κB nuclear translo-
cation in a concentration-dependent manner in both cell

Figure 3
Gβγ-mediated increase in intracellular Ca2+ levels is associated with 4-HNE-induced cell death in ARPE-19 cells. (A) Cell viability was measured in
cells pretreated with PTx or cholera toxin prior to 4-HNE treatment for 6 h. *P< 0.05 versus vehicle-treated controls. #P< 0.05 versus cells treated
with 10 or 30 μM 4-HNE. (B) cAMP was measured using a cAMP detection kit in the presence or absence of non-targeting or GPR109A siRNA.
*P < 0.05 versus vehicle-treated controls. #P < 0.05 versus forskolin-treated cells. $P < 0.05 versus cells treated with forskolin and 10 or 30 μM
4-HNE. Cell viability measurement in cells pretreated with either (C) 8-CPT-cAMP or (D) inhibitors of Gβγ-downstream molecules *P < 0.05 versus
vehicle-treated controls. #P< 0.05 versus 4-HNE-treated cells. (E) The increase in intracellular Ca2+ levels was measured using a Fura-2 probe. Bars
represent means ± SEM from six independent experiments. *P < 0.05 versus vehicle-treated controls. The 4-HNE-induced increase in intracellular
Ca2+ levels was blocked by treatment with (F) GPR109A siRNA transfection, (G) gallein or (H) U73122.
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lines (Figure 5D), and the changes in the nuclear levels of c-
Fos, c-Jun and NF-κB were blocked by transfection with a
siRNA targeting GPR109A (Figure 5D). In addition, treat-
ment with an AP-1 inhibitor (SR11302), but not an NF-κB
inhibitor [pyrrolidine dithiocarbamate (PDTC)], blocked 4-
HNE-induced cell death (Figure 5B, E).

4-HNE and other GPR109A agonists suppress
the expression of inflammatory cytokines
through Gαi-dependent NF-κB inhibition
Previous studies have shown that GPR109A elicits an anti-
inflammatory response by down-regulating the expression
of inflammatory cytokines. Thus, we also examined the
effects of 4-HNE on the expression levels of the inflammatory

cytokines IL-6 and IL-8. 4-HNE suppressed IL-6 and IL-8
expression in a concentration- and time-dependent manner
in both ARPE-19 (Figure 6A) and CCD-841 (Figure 6B) cells
similarly to niacin (Supporting Information Figure S5A) and
3-OHBA (Supporting Information Figure S5B). The 4-HNE-
induced reduction in IL-6 and IL-8 levels was blocked by the
siRNA knockdown of GPR109A, which was contrasted by
increased expression of Bax and GPR109A by 4-HNE
(Figure 6C). Unlike the observed involvement of AP-1 in
4-HNE-induced cell death, treatment with the AP-1 inhibi-
tor SR11302 did not affect the 4-HNE-induced changes in
the expression levels of inflammatory cytokines, whereas
treatment with PDTC (NF-κB inhibitor) potentiated the 4-
HNE-induced down-regulation of IL-6 and IL-8 levels
(Figure 6D). Treatment of the cells with the cAMP analogue

Figure 4
NOX4 mediates 4-HNE-induced superoxide production and cell death in ARPE-19 cells. 4-HNE induced ROS production, which was quenched by
(A) pretreatment with SOD, (B) siRNA knockdown of GPR109A, GPR109B or NOX4, (C) treatment with inhibitors of Gβγ-downstream molecules
and (D) treatment NADPH oxidase inhibitors. *P < 0.05 versus vehicle-treated or non-targeting siRNA-transfected controls, #P < 0.05 versus cells
treated with 10 or 30 μM 4-HNE. (E) Copy numbers of the NADPH oxidase subunits NOX1, NOX2 or NOX4 in ARPE-19 cells were measured by
qRT-PCR. *P < 0.05 versus vehicle-treated controls. (F) Western blotting results for NOX4 induction in 4-HNE-treated cells. *P < 0.05 versus vehi-
cle-treated controls. (G) Caspase-3/7 activity was measured in ARPE-19 cells pretreated with NOX4 siRNA prior to 4-HNE treatment. *P < 0.05
versus vehicle-treated controls. #P < 0.05 versus non-targeting siRNA-transfected cells. (H) Cell viability measurements in cells treated with 4-
HNE in the presence of NOX4 and mitochondrial inhibitors or antioxidants. *P < 0.05 versus vehicle-treated controls. #P < 0.05 versus 4-HNE-
treated cells. $P < 0.05 versus 4-HNE plus antimycin A-treated cells.
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8-CPT-cAMP significantly blocked the 4-HNE-induced inhi-
bition of NF-κB translocation to the nucleus (Figure 6E)
and the down-regulation of IL-6 and IL-8 expression
(Figure 6F). However, treatment with inhibitors of Gβγ sig-
nalling molecules (BAPTA-AM, VAS2870, SP600125,
PD98059 and SB203580) did not have those effects
(Figure 6E, F). In addition, the 4-HNE-induced up-
regulation of GPR109A and NOX4 protein expression was
significantly inhibited by treatment with SR11302
(Figure 6D), BAPTA-AM, VAS2870 and SP600125 (Figure 6
F). These inhibitory effects of 4-HNE on IL-6 and IL-8 ex-
pressions were not altered by GPR109B knockdown
(Supporting Information Figure S5C), and were reversed
by PTx treatment (Supporting Information Figure S5E).
Compared with subconfluent cells (Figure 6C, D), effects
of 4-HNE on IL-6 and IL-8 expression in confluent ARPE-
19 cells (Supporting Information Figure S2F) were slightly
reduced similar to its cytotoxic effects (Supporting

Information Figure S2A), and the expression of receptors
and NOX4 (Supporting Information Figure S2C, D).

4-HNE is not competing with niacin for binding
sites in GPR109A
Considering that the cytotoxic and anti-inflammatory effects
of 4-HNE were better than niacin or 3-OHBA, and these ef-
fects were blocked by GPR109A knockdown, we examined
the possibility that 4-HNE is a strong agonist for GPR109A
by comparing its effects with those of niacin and 3-OHBA in
a receptor function study and receptor-binding assay. The
inhibition of forskolin-induced cAMP production by niacin,
3-OHBA and 4-HNE were assayed using th eCHO-K1-
GPR109A-Gi cell line (Figure 7A) that was specifically
engineered to detect the change in cAMP generation upon
the binding of a small molecule to GPR109A. The EC50 values
of niacin, 3-OHBA and 4-HNE were 105.9 (±1.9), 86.7 (±3.4)
and 61.4 (±1.8) nM, respectively, indicating that 4-HNE may

Figure 5
JNK-activated AP-1 mediates 4-HNE-induced cell death. (A) Immunoblotting results for MAPKs, ERK1/2, p38 and JNK. (B) 4-HNE-induced changes
in cell viability in cells pretreated with MAPK inhibitors. *P < 0.05 versus vehicle-treated controls. #P < 0.05 versus 4-HNE-treated cells. (C) Immu-
noblotting results of JNK phosphorylation. (D) Nuclear translocation of c-Fos, c-Jun and NF-κB was analysed by immunoblotting. *P < 0.05 versus
non-targeting siRNA-transfected controls. #P< 0.05 versus cells treated with 1 or 10 μM4-HNE. (E) 4-HNE-induced changes in cell viability in cells
pretreated with an AP-1 inhibitor. *P < 0.05 versus vehicle-treated controls. #P < 0.05 versus 4-HNE (10 or 30 μM)-treated cells.

J Gautam et al.

2590 British Journal of Pharmacology (2018) 175 2581–2598

http://www.guidetopharmacology.org/GRAC/LigandDisplayForward?ligandId=5269


Figure 6
4-HNE inhibits IL-6 and IL-8 expression through the Gαi-dependent NF-κB pathway. Secretion of the pro-inflammatory cytokines IL-6 and IL-8 in
(A) ARPE-19 and (B) CCD-841 cells was measured by ELISA. *P < 0.05 versus vehicle-treated controls. 4-HNE-induced expression of IL-6, IL-8, Bax,
Bcl-2 and GPR109A was measured in ARPE-19 cells in the presence of (C) non-targeting or GPR109A siRNA or (D) inhibitors of NF-κB and AP-1.
*P < 0.05 versus vehicle-targeting or non-targeting siRNA-transfected controls. #P < 0.05 versus cells treated with 1 or 10 μM 4-HNE. (E) Nuclear
translocation of the transcription factors NF-κB, c-Fos and c-Jun, and (F) expression levels of IL-6, IL-8, GPR109A and NOX4 were measured in
ARPE-19 cells pretreated with 8-CPT-cAMP or inhibitors of intracellular Ca2+ (BAPTA-AM), NOX4 (VAS2870), ERK1/2 (PD98059), p38
(SB203580) and JNK (SP600125) prior to 4-HNE treatment. *P < 0.05 versus vehicle-treated controls. #P < 0.05 versus 4-HNE-treated cells.

Bipolar responses of 4-HNE-activated GPR109A

British Journal of Pharmacology (2018) 175 2581–2598 2591



be the most potent ligand for GPR109A. To exclude the possi-
bility that the inhibitory effect of 4-HNE on cAMP might be
due to decrease in cell viability, we measured the cytotoxicity
of 4HNE in CHO-K1-GPR109A-Gi cells. Treatment of CHO-
K1-GPR109A-Gi cells with the drugs for the same period of
time as in cAMP measurement did not induce cytotoxicity
(Figure 7B). To confirm direct binding of 4-HNE to GPR109A,
SPR binding assay was performed. The SPR binding affinity of
4-HNE (0.84 ± 0.1 mM) to purified GPR109A immobilized
onto the biosensor chip surface was about sixfold stronger
than that of niacin (5.28 ± 0.83 mM) (Figure 7C). To examine
whether 4-HNE competes with niacin for a binding site in
GPR109A, we performed a competitive receptor binding

assay of 4-HNE with [3H]-niacin. 4-HNE did not inhibit or re-
place the specific binding of [3H]-niacin to GPR109A (Figure 7
D), indicating that 4-HNE did not compete with niacin for a
binding site in GPR109A. To confirm this binding site differ-
ence, we prepared plasmids of five different GPR109Amutant
substituting tentative interacting amino acid residues with al-
anine (R111A, R253A, W256A, F277A and L280A) based on a
previous report (Tunaru et al., 2005), and the mutant genes
were introduced into CHO-K1 cells. The transfection effi-
ciency of the FLAG-tagged plasmids was confirmed via FLAG
staining in CHO-K1 cells (Figure 7E). For functional analysis
on the mutants (Figure 7F), the changes in forskolin-induced
cAMP level upon stimulation with 4-HNE or niacin were

Figure 7
4-HNE is a stronger agonist than niacin, not competing with niacin for binding sites in GPR109A. (A) A functional activity assay using the CHO-K1-
GPR109A-Gi cell line, which was designed to detect the inhibition of cAMP generation, was performed in the cells pre-stimulated with forskolin
prior to treatment with the other agonists. (B) 4-HNE, niacin, 3-OHBA did not induce cytotoxicity in CHO-K1-GPR109A-Gi cells. (C) SPR binding
assay showing 4-HNE and niacin bind to GPR109A in a concentration-dependent manner. (D) [3H]-niacin binding competition assay with 4-HNE
and niacin showing their effects are concentration-dependent in HEK-293T cells stably expressing human GPR109A. (E and F) CHO-K1 cells were
transfected with five different FLAG-tagged plasmids of GPR109A mutants (R111A, R253A, W256A, F277A and L280A). (E) Indicates their trans-
fection efficiency as demonstrated by FLAG staining and (F) shows the results of the functional activity assay indicating that 4-HNE and niacin de-
creased the forskolin-induced production of cAMP in a concentration-dependent manner. (G–I) Effects of combination treatments with the
GPR109A ligands (niacin, 3-OHBA or 4-HNE). (G) CHO-K1-GPR109A cells were treated with a combination of two from three ligands, and
forskolin-induced cAMP levels were measured. In ARPE-19 cells, effects of combination treatments on changes in (H) intracellular Ca2+ levels
and (I) cell viability were determined. *P < 0.05 versus vehicle-treated controls. #P < 0.05 versus niacin-treated cells. $P < 0.05 versus 3-OHBA-
treated cells. &P < 0.05 versus 4-HNE-treated cells. RU, response units.
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measured. R253A and W256A mutation did not alter the re-
ceptor response to either niacin or 4-HNE, while the F277A
mutation suppressed the receptor response, by half, to both
the niacin and 4-HNE treatment. Themost significant change
in receptor response to 4-HNEwas observed in the L280Amu-
tation, which was followed by the R111Amutation. However,
in the case of the receptor response to niacin, the R111A mu-
tation totally blocked the response, while it wasminimally al-
tered in the L280A mutant. Because the competitive receptor
binding assay with [3H]-niacin and functional study on
GPR109A and itsmutantswith 4-HNE andniacin showed that
the binding site of 4-HNE and niacin is not the same, we fur-
ther confirmed that these chemicals have different binding
sites by examining the additive activity of the combination
treatment with 4-HNE in the presence of niacin or 3-
OHBA. Using CHO-K1-GPR109A-Gi cells, it was found that
co-treatment of the cells with combination of either 4-HNE
plus niacin or 4-HNE plus 3-OHBA induced significant en-
hancement of cAMP activity compared with each chemical
treatment given alone, while co-treatment with niacin plus
3-OHBA produced the same activity as that of 3-OHBA
alone (Figure 7G). From intracellular Ca2+ (Figure 7H) and
cell viability (Figure 7I) measurements using ARPE-19 cells,
4-HNE in combination with niacin or 3-OHBA tended to
enhance its activity, but no enhanced activity was observed
for the combination of niacin plus 3-OHBA.

Discussion
4-HNE elicited stronger cellular responses than niacin or 3-
OHBA, which are known exogenous and endogenous
GPR109A agonists respectively. More importantly, GPR109A
activation was shown to elicit dual responses in the same
cells, namely, anti-inflammatory responses and cell apopto-
sis. These results provide evidence that GPR109A may not
be a suitable therapeutic target for the management of retinal
inflammation (Gambhir et al., 2012). Rather, our present
study identified the signalling molecules that mediate the 4-
HNE-induced anti-inflammatory response without causing
cell death. The results further suggest that not GPR109A,
but intracellular signallingmolecules can serve as therapeutic
targets to block retinal inflammation or to inhibit the devel-
opment of 4-HNE-mediated cell death.

The RPE consumes large amounts of oxygen and gener-
ates endogenous 4-HNE during the physiological degradation
of photoreceptor outer segments, whereas the intestinal epi-
thelium is a target organ of the paracrine action of 4-HNE,
which is generated during food digestion or during phagocy-
tosis by macrophages (Goicoechea et al., 2011). Our present
study revealed that low levels of 4-HNE did not exert cyto-
toxic effects on ARPE-19 (a representative RPE cell line) and
CCD-841 (a representative colon epithelial cell line), whereas
high levels of 4-HNE induced cell death. Consistent with
our present results using ARPE and CCD-841 cells, human
neuronal and fibroblast cells were demonstrated to be sensi-
tive to 4-HNE at concentrations greater than 5 μM (Kutuk
et al., 2004; Abarikwu et al., 2012). In these cells, 4-HNE-
induced apoptosis has been linked to an enhanced mRNA
and protein expression of Bax and caspase-3 due to in-
creased mitochondrial oxidative stress (Abarikwu et al.,

2012; Raza and John, 2006). In addition, our results showed
that cell death and the increased Bax/Bcl-2 ratio and
caspase-3 activity induced by 4-HNE were blocked by
GPR109A knockdown, suggesting that 4-HNE activates the
extrinsic apoptosis pathway via GPR109A. Moreover, our re-
sults showing that 4-HNE did not induce cytotoxicity in
HEK-293 cells, which do not express GPR109A, further
confirm 4-HNE-induced cell death is mediated through
GPR109A. Notably, treatment with inhibitors of Gβγ

downstream molecules (gallein, BAPTA-AM, U73122 and
GF109203X) blocked 4-HNE-induced cell death, while treat-
ment with a cAMP analogue that inhibits the Gαi signalling
pathway did not have that effect, indicating that Gβγ signal-
ling mediates 4-HNE-induced cell death.

Although 4-HNE is generated under conditions of oxida-
tive stress, our present findings showed that 4-HNE-activated
GPR109A induced superoxide production via NOX4, consis-
tent with previous reports showing that NADPH oxidase pres-
ent in ARPE cells plays a role in age-related macular
degeneration (Li et al., 2008). Previous studies have shown
that an increase in the cytosolic Ca2+ level stimulates ROS
production (Xu et al., 2011; Crnkovic et al., 2012). Concor-
dantly, our results showing that cell death and superoxide
production were completely blocked by an intracellular
Ca2+ chelator (BAPTA-AM) and by the knockdown of
GPR109A or NOX4 suggest that 4-HNE regulates NOX4 acti-
vation via the Gβγ-cytosolic Ca2+ signalling pathway down-
stream of GPR109A. In turn, Gβγ-cytosolic Ca2+-NOX4
signalling induces mitochondrial superoxide production.
Consistent with previous observations, although p38 and
JNK activation are both dependent on superoxide produc-
tion, only JNK was found to be involved in 4-HNE-induced
cell death (Jang et al., 2009; Kutuk and Basaga, 2007; Song
et al., 2001). JNK activates the transcription factor AP-1,
which mediates 4-HNE-induced GPR109A expression and
cell death (Kutuk et al., 2006). A previous report also sug-
gested that JNK is involved in 4-HNE-induced Fas induction
and cell death in human lens epithelial cells, although the
study did not elucidate the mechanisms through which 4-
HNE-induced signalling leads to JNK activation (Li et al.,
2006). Our present results showed the detailed mechanism
by which 4-HNE-activated GPR109A induced JNK activation,
that is, via a pathway consisting of Gβγ, cytosolic Ca

2+, NOX4,
superoxide and JNK. Furthermore, because the enhancer and
promoter regions of Fas contain AP-1 binding sites (Lasham
et al., 2000; Rudert et al., 1998), the present results could help
answer the unsolved question of themechanisms bywhich 4-
HNE increases the transcriptional induction of Fas.

In accordance with previous studies using endothelial
cells (Herbst et al., 1999), Kupffer cells (Luckey et al., 2002)
and monocytes (Digby et al., 2012), the results of our present
study indicated that low levels of 4-HNE did not exert cyto-
toxic effects on ARPE-19 and CCD-841 cells but instead
inhibited the IL-6 and IL-8 production in a concentration-
dependent manner. Given that cells undergoing aerobic
metabolism generate a basal level of ROS, which in turn,
generate a basal level of 4-HNE (Parola et al., 1999), the
physiological function of GPR109A under low-dose 4-HNE
stimulation is to induce protective effects by eliciting the
anti-inflammatory response. Although 4-HNE is known to
alter protein expression via post-translational modification,
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our results showed that the decrease in IL-6 and IL-8 levels
induced by low doses of 4-HNE was blocked by GPR109A
knockdown or treatment with a cAMP analogue, indicating
that this activity of 4-HNE was mediated through receptor-
dependent modifications during gene expression. Consistent
with cAMP being proposed as a selective modulator of the
pro-inflammatory transcription factor NF-κB (Gerlo et al.,
2011), the 4-HNE-induced inhibition of NF-κB was blocked
by treatment with a cAMP analogue. In addition, the expres-
sion of pro-inflammatory cytokines was further suppressed
by treatment with an NF-κB inhibitor but was not affected
by treatment with an AP-1 inhibitor, thereby indicating that
cAMP-dependent NF-κB is the primary regulator mediating
4-HNE-induced changes in IL-6 and IL-8 expression. Similarly
to niacin and 3-OHBA, the action of 4-HNE was mediated by
GPR109A and more specifically by Gαi signalling, which is
linked to the suppression of the nuclear translocation of NF-
κB. Such protective in vitro and in vivo effects of GPR109A
have also been demonstrated with niacin treatment, which
resulted in the suppression of colitis (Singh et al., 2014) and
the induction of anti-inflammatory/anti-atherosclerotic ef-
fects (Lukasova et al., 2011). Similarly, the anti-inflammatory
effects of 3-OHBA, an endogenous agonist generated under
ketoacidosis conditions, are also mediated by GPR109A in
the RPE (Gambhir et al., 2012) and colon (Hamer et al.,
2008). Previously, the EC50 of 3-OHBA in GPR109A-mediated
effects was reported to be approximately 700 μM (Taggart
et al., 2005), and the required concentration of niacin or
butyrate for exerting anti-inflammatory effects was

demonstrated to be between 0.5 and 25 mM in cells and mice
(Singh et al., 2014). By contrast, the results of our present
study showed that the same degree of anti-inflammatory ac-
tivity can be achieved by 4-HNE at 100-fold lower concentra-
tions than those of niacin and 3-OHBA. These findings, in
conjunction with the results of the receptor-binding assay
study, confirm that 4-HNE may be strong endogenous ligand
for GPR109A at concentrations of less than 10 μM (Esterbauer
et al., 1991; Parola et al., 1999). Furthermore, our results
suggest that strong GPR109A agonists, if developed, may
have a narrow therapeutic dose range for anti-inflammatory
activity without causing cell death. Therefore, we suggest
that the signalling pathway of GPR109A activation, particu-
larly the cAMP-dependent NF-κB pathway, is a suitable target
for the management of retinal inflammation.

The results of the functional study and receptor-binding
studies using SPR and competition binding assay with [3H]-
niacin demonstrated that 4-HNE is a potent endogenous
ligand of GPR109A, but scarcely competes with niacin or
3-OHBA. The results generated questions: which region will
be the binding site for 4-HNE, and 4-HNE shares the site
with niacin or 3-OHBA. To answer the questions, we
used the modelled structure of GPR109A from GPCR-I-
TASSER server (https://zhanglab.ccmb.med.umich.edu/
GPCR-HGmod/models/Q8TDS4) and FTMap to predict the
potential binding site of 4-HNE. GPCR-I-TASSER proved its
performance in the blind tests as well as the tests with the
known experimental structures. FTMap searches the ligand
binding sites by letting small organic molecules bind to all

Figure 8
Proposed mechanism by which 4-HNE activates GPR109A and elicits bipolar responses, Gαi-mediated anti-inflammatory and Gβγ-mediated cell
death responses.
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the pockets of a target protein and suggests the potential
binding sites by clustering the docked molecules based on
the interaction energies. The results of FTMap indicated
two ligand binding sites in GPR109A that consist of several
small clusters. Of the two, one includes the site around
Arg111 that the previous mutation studies (Tunaru et al.,
2005) have identified as the orthogonal site. The other is
located at the top of the outer membrane region. However,
this site is unlikely to be the region for interacting with 4-
HNE if the mutation data were considered. We then
investigated whether the orthogonal site is large enough to
include both 4-HNE, and niacin or 3-OHBA, simultaneously,
using docking simulation with Glide-XP. The docked
models suggest that 4-HNE can bind to the site without
causing steric hindrance with niacin and 3-OHBA
(Supporting Information Figure S6). Interestingly, niacin
and 3-OHBA were in contact with Arg111, and 4-HNE with
Leu280 in the model, which is qualitatively consistent with
the mutation data. The results would suggest a useful clue
to the understanding of the results with 4-HNE despite the
imperfectness of model structure and docking method.

So far, only transient receptor potential cation
channel subfamily Amember 1 (TRPA1) has been identi-
fied as a direct target of 4-HNE (Trevisani et al., 2007). How-
ever, activation of this channel is unable to explain the
various and potent roles of 4-HNE. Compared with the
known GPR109A agonists, the chemical feature of 4-HNE is
distinct. Most strong agonists contain carboxylic acid or tet-
razole moieties, where tetrazole is the bioisostere of carboxyl-
ate. Pentyl fumarate shows the closest similarity to 4-HNE
with a Ki of 700 nM (Peters et al., 2010), but the quantified
chemical similarity between the two molecules is 0.26 in
terms of Tanimoto coefficient using ECFP4 fingerprint, indi-
cating that the similarity is little shared (Supporting
Information Figure S7).

Conclusions
In conclusion, our results demonstrate that 4-HNE is a strong
agonist for GPR109A and that GPR109A activation can elicit
two responses depending on the concentration of the agonist.
In particular, 4-HNE can elicit either an anti-inflammatory
response, which is mediated through the Gαi/cAMP/NF-κB
pathway, or cell death, which is mediated through the Gβγ/
Ca2+/NOX4/JNK/AP-1 pathway (Figure 8). By demonstrating
the opposing and pathway-specific effects elicited by GPR109A
through either Gαi or Gβγ signalling, our results suggest a
strategy to develop therapeutics for the treatment of retinal
inflammation and 4-HNE-associated chronic diseases.
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Figure S1 4-HNE induces ARPE-19 cell apoptosis in a con-
centration- and time-dependent manner. Annexin V-positive
and PI-positive ARPE-19 cell populations were determined af-
ter the treatment with 4-HNE 10 μM at an indicated time
points (A) and at an indicated concentrations of 4-HNE at
6 h (B) by using a flow cytometry.
Figure S2 Reduced cytotoxicity and anti-inflammatory ef-
fect of 4-HNE in confluent ARPE-19 cells correlates with lower
level expression of receptors and NOX4. After 24 hours of cell
seeding at a density of 1*105 cells/cm2, cells were sub-conflu-
ent, whereas after 48 hours of cell seeding with same seeding
density, cells were confluent. (A, E and F) Confluent cells were
treated with or without 4-HNE at an indicated concentration
for an indicated period of time and examined cytotoxicity
(A), superoxide production (E) and Il-6 and IL-8 protein ex-
pressions (F). *P < 0.05 vs. vehicle-treated controls. (B) Con-
fluent ARPE-19 cells were treated with or without 3-OHBA
in a concentration and time-dependent manner and exam-
ined cytotoxicity. *P < 0.05 vs. vehicle-treated controls. (C,
D) Comparison of basal mRNA (C) and protein (D) expres-
sions in sub-confluent and confluent ARPE-19 cells.
*P < 0.05 vs. sub-confluent ARPE-19 cells.
Figure S3 Niacin and 3-OHBA induces cell death in
GPR109A–dependent manner. (A) Transfection efficiency of
siRNA targeted against GPR109A or GPR109B was measured
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by qRT-PCR. After RNA extraction from the cells, cDNA was
synthesized using the Goscript reverse transcription system
(Promega Corporation, WI, USA). qRTPCR was performed
using Quantitect Probe PCR kit (Qiagen, CA, USA) following
the manufacturers protocol using probe PCR primers specific
for GPR109A (Hs02341584_s1) or GPR109B (Hs02341102_s1)
obtained from Applied Biosystems (Thermo Fisher Scientific
corporation, CA, USA). *P < 0.05 vs. vehicle-treated controls.
#P < 0.05 vs. 4-HNE-treated groups. (B and C) Cell viability
was measured after the treatment with niacin or 3-OHBA in
GPR109A siRNA-transfected ARPE-19 (B) and CCD-841 (C)
cells. *P < 0.05 vs. vehicle-treated controls. #P < 0.05 vs. nia-
cin or 3-OHBA-treated groups.
Figure S4 Increase in intracellular Ca2+ levels after treatment
of ARPE-19 cells with indicated concentrations of niacin or 3-
OHBA. Bars represent means ± SEM from six independent ex-
periments. *P < 0.05 vs. vehicle-treated controls.
Figure S5. Niacin, 3-OHBA and 4-HNE inhibits the pro-
inflammatory cytokines IL-6 and IL-8 expression. (A-B)
Secretion of the IL-6 and IL-8 in ARPE-19 (A) and CCD-
841 (B) cells was measured via ELISA. *P < 0.05 vs.

vehicle-treated controls. (C and D) 4-HNE-induced expres-
sion of IL-6 and IL-8 was measured in GPR109B siRNA-
transfected ARPE-19 cells (C) and GPR109A siRNA-
transfected CCD-841 cells (D). *P < 0.05 vs. vehicle-treated
controls #P < 0.05 vs. 4-HNE-treated groups. (E) 4-HNE
induced IL-6 and IL-8 protein expression was recovered by
PTx treatment. *P < 0.05 vs. vehicle-treated controls.
Figure S6Model structure of GPR109A in complex with nia-
cin, 3-OHBA, and 4-HNE. The structure was extracted from
GPCR-I-TASSER server (https://zhanglab.ccmb.med.umich.
edu/GPCR-HGmod/models/Q8TDS4) (Zhang et al., 2015).
The predicted two ligand binding sites by FTMap (Kozakov
et al., 2015) are circled in blue and orange colours. Arg-111
and Leu-280 that were identified as the critical residues by
mutational studies are represented with spheres. The niacin,
3-OHBA, and 4-HNE were docked into the structure using
Glide-XP (Friesner et al., 2004). The figure was prepared by
Pymol (Schrodinger, 2010).
Figure S7 The closest chemicals to 4-HNE of the known
GPR109A agonists. ZINC IDs and parentheses enclosed corre-
sponding Tanimoto coefficients are written.
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